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Statement of Significance

QUESTION:
Most land surface models (LSMs 
SIGNIFICANCE AND IMPLICATIONS OF FINDINGS:
The explicit consideration of subgrid-scale soil moisture heterogeneity and its effects on the surface energy and water budgets should lead to an improved simulation of land surface processes. This should in turn lead to more reliable simulations of climate and its sensitivity.
RELATIONSHIP TO MTPE SCIENCE PLAN
The improved simulation of land surface processes should benefit numerical climate studies.
The strategy described in the paper thus has direct relevance to MTPE emphases on (1) seasonal-to-interannual climate prediction, (2) changes in long term climate, and (3) landcover and land use change.
Introduction
The realistic representation of land surface processes is critical for the realistic simulation of the global hydrologic cycle and climate, as indicated by numerous sensitivity studies using general circulation models (GCMs) (e.g. Garratt, 1993; Mintz, 1984) . Land surface models (LSMs) have therefore increased in sophistication and realism over the last decade.
An important effort has focused on the modeling of evaporation, which controls both the surface energy and water budgets.
In doing so, the vertical dimension of evaporation processes was largely emphasized, with detailed treatments, for instance of canopy structure and environmental stresses on surface conductances.
The Mosaic model (Koster and Suarez, 1992 (Koster and Milly, 1997) . In particular, the critical effects of horizontal soil moisture variability are rarely accounted for in current LSMs, and soil moisture is assumed to be uniform at the GCM scale. This is overwhelmingly unrealistic given the actual spatial scales of soil moisture variability, which are largely imposed by topography and precipitation heterogeneity.
Most of the few attempts to describe soil moisture variability at the GCM scale made use of statistical distributions, either of precipitation rate or of soil properties (e.g. Ducharne et al., 1998; Entekhabi and Eagleson, 1989 (Ambroise etal.,1996; Duan and Miller,1997) .
Although TOPMODEL was firstproposed forsmall tomedium sized catchments inhumid areas, ithasbeen since adaptedto a broader range of scales andhydro-climatic conditions(e.g. Sivapalan etal.,1987) . Thecatchment model examined inthispaper isbased onsome ideas fromFamiglietti andWood (1991, 1994) toextend TOPMODEL concepts to themacroscale.
Ourmodeling strategy will bedescribed indetail inanupcoming publication. Briefly,wecharacterize themoisture state in thecatchment withtwobulkmoisture variables. The firstvariable is the"catchment deficit", which is defined as theaverage amount ofwater, perm2,thatmust beadded to thecatchment's soiltobringtheentire catchment tosaturation. Thecalculation of thisdeficit is based onthedistribution of water table depths derived fromtheTOPMODEL equations and onanassumption ofequilibrium soil moisture profiles in theunsaturated zone. Thesecond bulkvariable, termed the"rootzone excess", represents theaverage amount ofwater, perm2,bywhichtherootzone moisture is differentfromthevalue implied bytheequilibrium profiles. This second variable is important for tworeasons: (1)it allows therootzone moisture torespond quicklytostorm events andevaporation, and(2)it essentially makes thecatchment model equivalent toamore traditional LSMwithvertical soil layers inregions oflittletopography, where TOPMODEL is known tobeinvalid. Transfers between therootzone excess andtheequilibrium state proceed according to timescales thatvarywiththemagnitudes ofthevariables.
Thebulkmoisture variables arecombined withcharacteristicsofthetopography toderive adistribution ofrootzone soilmoisture, whichin turnis used to separate thecatchment intohydrologic regimes. Thisisillustrated inFigure 1. Asshown in thefigure, thetranspiration, bare soilevapora- tion, infiltration, and baseflow calculations are different for the different regimes. We thus treat explicitly the effects of subgrid soil moisture variability on the surface energy and water balances.
Construction of the catchement coverage
The US Geological Survey has developed a global digital elevation model (DEM) at 30-arc-second resolution (approximately 1 kilometer). This DEM was treated over NorthAmerica with a geographical information system to compute local slopes, and drainage directions were then extracted according to a "steepest descent" algorithm (Jenson and Domingue, 1988) The ISLSCP Initiative I data set for 1987 -88 (Sellers et al., 1996 contains all of the atmospheric and boundary conditions data sets needed to drive a LSM off-line at the 1o x 1°r esolution across the globe.
Global fields of precipitation, incoming long-wave and short-wave radiation at the surface, and near-surface temperature, humidity, pressure and wind speed, have various observational sources.
They are processed with a data assimilation system in order to extrapolate them spatially across the globe and to interpolate them to the 6-hour timescale.
The ISLSCP Initiative I data set also provides with data sets of vegetation characteristics at the 1°x 1°resolution, as derived from satellite observations. The data include vegetation type as well as monthly varying fields of leaf area index, roughness length and snow-free albedo.
The general framework for the off-line integration of the new model with the ISLSCP Initiative I data set for 1987-88 is based on the recommendations for the Global Soil Wetness Project (Dirmeyer and Dolman, 1998) .
In particular, to avoid non-equilibrated spin-up signal, the forcing corresponding to 1987 is repeated until every modeled catchment has converged to an equilibrium state. All the needed forcing fields have been interpolated from the 1°x 1°grid to the catchment space. The difficulty was to determine the intersection between the catchments (defined as polygons) and the grid cells, in order to compute the forcing in one catchment as the weighted average of the forcing from all overlying gridcells. This has been achieved with a triangulation algorithm, which can also be used to transform data from the catchment space to the grid space. Those transformations in the two directions are of critical importance given our eventual goal of coupling of the new model with a GCM.
Validation of annual runoff rates
The off-line framework limits the number of available variables for validation, since many of commonly measured variables are prescribed. Three potential variables for validation are runoff, evaporation, and soil moisture. Runoff is a choice variable for validation purposes because it can be easily estimated from river discharge measurements, which have been collected for many decades in many areas. Also, river discharge naturally integrates runoff across large distances, which makes its measurement more valuable at the large scale than point measurements of evaporation or soil moisture.
Runoff observations
The original observations consist of annual discharge at a collection of stations scattered across the globe. These data were processed in the manner described by Koster et al. (1998) .
The suitability for validation purposes of a river basin (defined as the direct contributing area for one station if two or more stations lie on the same river network) is assessed according to two criteria:
(1) discharge was accurately measured during 1987-88, and (2) at least 30 rain-gauges per 106 km _ were present is the basin at that period. The latter criterion is necessary because the accuracy of simulated runoff is conditioned by the accuracy of the prescribed precipitation.
Those criteria lead to the selection of 14 river basins in North-America. 
4.2.2
Aggregation of simulated runoff
The catchment ordering scheme mentioned in section 3 describes the upstream-downstream relationships between the catchments. It therefore allows us to identify the catchments that contribute to the discharge measured at the 14 selected stations. As mentioned before, Figure 3 shows the resulting location of the 14 selected river basins.
The area of each unit catchment being known, it is straightforward to compute the area of each basin, as well as the weighted average of runoff within those basins. Figure 4 plots these area estimates against the corresponding areas from observation. The strong correlation between observed and estimated areas is an evidence of the accuracy of the drainage network extraction from the DEM.
An objective criteria for validation
An important limitation of off-line validation is the lack of feed-back between land-surface and the atmospheric forcing.
This is the price we pay to eliminate atmospheric modeling errors when validating LSMs, and it can result in an overwhelming influence of the prescribed atmospheric forcing on the simulated land surface fluxes. For instance, even the poorest LSM can produce realistically low evaporation rates if forced with realistically low precipitation rates. A critical problem in off-line validation is thus to quantify the relative control of prescribed atmospheric forcing on the simulated energy and water balances, to assess which part of the LSM response is really due to its own structure.
In order to validate the new LSM in such a objective way, we will apply the simple criteria proposed by Koster et al. (1998) . It is based on an equation proposed by Budyko (1974) that relates annual evaporation to annual precipitation and net radiation, without any consideration of the surface physics.
In an off-line framework, annual runoff can be approximated by the difference between annual precipitation and annual evaporation, under the assumption that the inter-annual vari- has been computed for the 14 selected basins, using annual precipitation and radiation data interpolated in the catchment space (section 4.1). The runoff simulated with the new LSM will have to be significantly closer to the observed runoffthan to that estimate, for the new approach to be validated at the annual timescale.
The above validation strategy favors the annual timescale, but seasonal and diurnal cycles have to be realistically simulated by LSMs for realism in the GCMs short-term dynamics. In many ways, land-surface physics is more important at short timescales (e.g. Chen et al., 1997; Koster et al., 1998) . The runoff data presented in section 4.2.1 are available as monthly means, and we plan then to use those data to evaluate the behavior of the new LSM at the seasonal timescale.
Care will be taken to minimize problems related to the time lag induced by river routing and regulation.
Summary and discussion
Many studies have shown the importance of small scale variability of hydrological processes in the average interactions between the land surface and the atmosphere. This importance limits the ability of point-process models to represent large scale hydrological processes realistically. These considerations motivated the development of our new catchmentbased land surface model for use in GCMs. 
